Rationale: Very little is known about airways that are too small to be visible on thoracic multidetector computed tomography but larger than the terminal bronchioles.
Methods: Preterminal bronchioles were identified by backtracking from the terminal bronchioles, and their centerlines were established along the entire length of their lumens. Multiple cross-sectional images perpendicular to the centerline were reconstructed to evaluate the bronchiolar wall and lumen, and the alveolar attachments to the outer airway walls in relation to emphysematous destruction in 28 lung samples from six patients with centrilobular emphysema, 20 lung samples from seven patients with panlobular emphysema associated with alpha-1 antitrypsin deficiency, and 47 samples from seven control (donor) lungs.
Measurements and Main Results:
The preterminal bronchiolar length, wall volume, total volume (wall 1 lumen), lumen circularity, and number of alveolar attachments were reduced in both centrilobular and panlobular emphysema compared with control lungs. In contrast, thickening of the wall and narrowing of the lumen were more severe and heterogeneous in centrilobular than in panlobular emphysema. The bronchiolar lumen was narrower in the middle than at both ends, and the decreased number of alveolar attachments was associated with increased wall thickness in centrilobular emphysema.
Conclusions: These results provide new information about small airways pathology in centrilobular and panlobular emphysema and show that these changes affect airways that are not visible with thoracic multidetector computed tomography scans but located proximal to the terminal bronchioles in chronic obstructive pulmonary disease.
Keywords: computed tomography; small airway; imaging; chronic obstructive pulmonary disease Disease in the small conducting airways less than 2 mm in diameter and emphysematous destruction are major pathologic features of chronic obstructive pulmonary disease (COPD) (1) . The relative contribution of these two processes varies across individuals and emphysematous destruction is further categorized based on its morphology: centrilobular emphysema (CLE), panlobular emphysema (PLE), and paraseptal emphysema (1) (2) (3) . These pathologic features underlie various clinical and radiographic manifestations in COPD and, in particular, CLE and PLE have been recognized as distinct pathologic phenotypes (3) (4) (5) (6) . Histologic comparisons have shown that emphysematous destruction is more heterogeneous and small airway disease is more severe in CLE than in PLE (4, 5, 7) .
The introduction of computed tomography (CT) and the rapid development of multidetector CT (MDCT) imaging has made it possible to obtain high-quality images of the entire thorax during a single breathhold (8) . This imaging technique has been widely used to describe and quantify all of the classic pathologic phenotypes of emphysematous destruction in COPD (3, 6, 9) and to measure the changes in lumen and wall of airways 2 mm in diameter and larger (10) (11) (12) . Although new-generation CT scanners have the potential for greater resolution without an increase in radiation dose (13, 14) and may enable measurements of airways less than 2 mm in diameter, it is not currently possible to resolve the small conducting airways down to the level of the terminal bronchioles. Parametric response map analysis of inspiratory and expiratory MDCT scans has been established to estimate the presence of small airway disease separately from emphysematous destruction (15) . Reports using the parametric response map approach have suggested that regions of the lung affected by functional small airway disease develop emphysematous destruction over time (15, 16) . These observations are consistent with the microCT results reported by McDonough and coworkers (17) that showed extensive destruction of terminal bronchioles before the onset of emphysematous destruction in explanted lung specimens from patients with severe COPD treated by lung transplantation (17) . Although parametric response map provides information about the functional state of small airways that are below the resolution of MDCT, their three-dimensional morphometry has not been systematically investigated with higher resolution imaging tools, such as microCT.
This report begins to investigate the small conducting airways between those visible on MDCT and the terminal bronchioles that are only visible with microCT. Using a novel method to define, orient, and reconstruct the microCT images of small airways, the microstructure of the bronchioles immediately proximal to the terminal bronchioles (preterminal bronchioles) was evaluated quantitatively in the CLE and PLE phenotypes in relation to the severity and heterogeneity of emphysematous destruction surrounding these airways and to the number of alveolar attachments to their outer walls.
Methods

Informed Consent
Informed consent was obtained from patients with COPD waiting for lung transplantation and from the donor's next of kin under conditions that organs unsuitable for transplantation were released for research.
MicroCT Scan
This study is based on microCT scans of 175 lung samples in a previous report on terminal bronchioles in COPD (17) and 64 new samples. At least one complete preterminal bronchioles was identified in 28 samples from six patients with CLE, 20 samples from seven patients with PLE associated with alpha-1 antitrypsin deficiency, and 47 samples from seven donor lungs that served as control lungs. Tissue preparation for microCT imaging has been previously reported in detail (17) and is described in the online supplement (see Section E1). Briefly, cores of tissue 14 mm in diameter and 2 cm in length were taken from transverse slices of air-inflated frozen explanted lungs. The cores were fixed at 280 8 C; warmed to room temperature; dried; and imaged at spatial resolution 10, 11, 
Examination of the Preterminal Bronchioles
Preterminal bronchioles, defined as the airway branch one generation proximal to the terminal bronchioles, were identified by tracking back from terminal bronchioles (17) , and subsequently segmented three dimensionally using the ITK-SNAP tool (http://www.itksnap.org/) (18) . The centerline down the bronchiole lumen was established using the Skeletonize(2D/3D) plug-in provided in the ImageJ program (National Institutes of Health, Bethesda, MD) ( Figure 1A ) (19, 20) . A customdesigned program generated a series of cross-sectional images perpendicular to the centerline at regular intervals ( Figure 1B) . Images near the branch points in which either the parent or daughter branches would be visible were excluded ( Figure 1C ). Bronchiolar length was measured along the centerline and 10 images were selected using a systematic uniform random sampling procedure (see Figure E1 in the online supplement) (21) .
For each image, the airway wall was segmented based on the full width at halfmaximum principle ( Figure 1D ) (10) (11) (12) 22) , and the luminal area (Ai), total area (Ao), luminal perimeter (Pi), and outer perimeter (Po) were measured. Internal diameter (ID), wall thickness (WT), wall area (WA), wall area percent (WA%), and circularity of lumen were calculated as ID = 2 ffiffiffiffiffiffiffiffiffiffi ffi Ai=p p , WT = ffiffiffiffiffiffiffiffiffiffiffi ffi Ao=p p 2 ID/2, WA = Ao 2 Ai, WA% = 100 3 WA/Ao, and circularity = 4p(Ai/Pi 2 ), respectively. The number of alveolar attachments (AA#) was counted using a method designed for histology ( Figure 1E ) (23) (24) (25) . The perimeter-adjusted number of attachments was calculated as AA#/Po.
For each bronchiole, measurements from the 10 cross-sectional images were averaged. The coefficients of variance (CV[%]) of Ai and WT were calculated to evaluate within-bronchiole and betweenbronchioles variabilities. Wall and total
At a Glance Commentary
Scientific Knowledge on the Subject: Although multidetector computed tomography has been used to study small airways of approximately 2 mm in diameter and micro-computed tomography has been used to study terminal bronchioles of approximately 400-500 mm in diameter, very little is known about the smaller bronchi and bronchioles between these two locations. 
Quantification of Emphysema
Interalveolar wall distances were measured on 10 images selected from each core based on systematic uniform random sampling (21, 26) , and the mean (Lm) and CV% of the interalveolar wall distances were calculated (4, 7).
Statistical Analysis
Linear mixed-effects model that used cases as random effects and Tukey multiple comparison test were performed using the R statistical program (27) (28) (29) .
Results
Characteristics of patients are provided in Table 1 . The ratios of male in control subjects, patients with CLE, and those with PLE were 57%, 50%, and 57%, respectively. All patients with CLE and PLE were former smokers, but the mean value for pack-years was greater in CLE than PLE. One randomly selected preterminal bronchiole was analyzed in each of the 95 tissue cores. Table 2 shows that the ID of all preterminal bronchioles was less than 1 mm. The bronchiolar length was decreased and Lm was increased in CLE and PLE compared with control lungs. The CV% of interalveolar wall distances, a marker of the spatial heterogeneity of emphysematous destruction, was greater in CLE than in PLE and control subjects. Figure 2 shows a representative microCT image and 10 reconstructed crosssectional images of a preterminal bronchiole from control (A), CLE (B), and PLE (C) to demonstrate the catenoid shape of the airways in control and CLE, and the thickened wall and narrowed lumen in CLE. To determine if there were any structural abnormalities that varied systematically along the airways' length, the 10 cross-sections from each preterminal bronchiole were separated into three parts where the first proximal part contained images 1-3, the second (middle) part contained images 4-7, and the third peripheral part contained images 8-10 (see Figure E2A ). The luminal area was decreased in the middle segment of the airways compared with both ends in control subjects and CLE, but not in PLE (see Figures E2B-E2D) . Figure 3A shows that the luminal area and total airway area (lumen area 1 WA) of the preterminal bronchioles were reduced in CLE compared with PLE and control, whereas the WA did not differ among the three groups. Figure 3B shows that the mean WT was increased in CLE compared with PLE and control. The WA% in CLE was also greater than in PLE and control (see Figure E3 ). In contrast, wall volume and total airway volume (wall 1 lumen) were decreased in both CLE and PLE compared with control subjects ( Figure 3C) . Figures 3D and 3E show that the CV% of luminal area and WT within bronchioles was greater in CLE than in control subjects and PLE. The between-bronchioles CV% for luminal area was greater in CLE compared with the other groups and the CV% for WT tended to be greater in these lungs. Figure 4A shows that the circularity of the lumen was similarly decreased in CLE and PLE compared with control subjects. The mean number of alveolar attachments per cross-section ( Figure 4B ) and the number of attachments adjusted by the outer perimeter of the bronchiole ( Figure 4C ) were decreased in CLE and PLE compared with control subjects, but the extent of the decreases did not differ between CLE and PLE. Table 3 shows that a reduction of the number of alveolar attachments was related to decreased ID in all groups ( Figure 4D ) (CLE, standardized beta [b*] = 0.59, P = 0.0006; PLE, b* = 0.62, P = 0.002; and control, b* = 0.72, P = 0.000004). In contrast, the decreased numbers of alveolar attachments ( Figure 4E ) with and without adjustment for outer perimeter length were associated with the increased WT in CLE (b* = 20.61, P = 0.0008, and b* = 20.62, P = 0.0003, respectively) but not in PLE or control. Lm and CV% of interalveolar wall distances were not associated with WT in any group.
Discussion
A major advantage of microCT over histology is that microCT provides threedimensional information that can only be obtained by serial reconstruction of twodimensional images provided by histology. This advantage makes it possible to identify terminal bronchioles anatomically by observing alveoli opening from their walls (15) . The present report extends these observations by precisely establishing the position of the preterminal bronchioles ( Figure 1 ) and reconstructing crosssectional images along their entire length (Figure 2) . These results show that in control lungs the preterminal bronchioles have a catenoid shape (i.e., are narrower in the middle than at either end) and that this catenoid shape is accentuated in centrilobular and lost in panlobular emphysematous phenotype of COPD.
The comparisons of the preterminal bronchioles from control lungs with those observed in CLE and PLE (Figure 3 ) substantially extend the previous histologic findings (2, 5, 7, 17) by showing that the lumen and total (wall 1 lumen) areas decrease and the WT increases in crosssections of preterminal bronchiole in centrilobular compared with either PLE or the control subjects ( Figures 3A and 3B ). The result also shows that despite the increase in WT, WA is not changed. This can be explained by the greater fractional reduction in internal airway diameter than outer airway diameter in CLE.
Furthermore, the direct measurements of preterminal bronchiolar lengths show that these airways were 28% shorter in centrilobular and 48% shorter in PLE compared with control subjects (Table 2 ). This measurement of airway length also allows for the volume estimation of airway compartments. The results show that the wall volume and total airway volume (wall 1 lumen) are decreased in both these phenotype of COPD ( Figure 3C ).
This reduction in preterminal bronchiolar length in COPD (Table 2) is not easy to explain. Because lungs affected by COPD tend to be larger than normal lungs due to loss of lung elastic recoil, the airways embedded in the lung tissue would be expected to elongate as the lung inflates and their length should increase by the cube root of lung volume. In fact, the measured lung volumes were 33% larger in CLE (3.94 6 1.20 L) and 46% larger in PLE (4.32 6 1.45 L) emphysema compared with control lungs (2.97 6 0.61 L). Therefore, this 33% increase in lung volume in CLE and 46% increase in lung volume in PLE should have increased airway length by 3.2% in CLE and 3.6% in PLE, respectively. One possible explanation for this finding was offered by Mitzner in an editorial (30) that accompanied an earlier report on the microCT of terminal bronchioles (17) . Mitzner suggested that disruption of the longitudinal bundles of elastic fibers that run the entire length of the airway tree from the trachea to the smallest airways (31) might produce axial retraction and shortening of the airway tree (30) .
Figures 3D and 3E show that there is more variability in luminal area and WT of preterminal bronchioles in CLE than PLE. Greater heterogeneity in parenchyma destruction, as evidenced by an increase in the CV% of interalveolar wall distances, has been previously reported in CLE (4, 5, 7) and was present in this study with relatively small sample size ( Table 2) . CLE is known to be related to the deposition of inhaled particles, such as cigarette smoke (6, 32) . As the movement of gas shifts from bulk flow to diffusion in the transitional region of the airways (33), it is a reasonable assumption that the deposition of the smaller airborne particles will target this region of the lung because particles diffuse much more slowly than gases. Thus, the present findings suggest that preterminal bronchioles are included in these transitional regions and the deposition of inhaled small particles is heterogeneously distributed in preterminal bronchioles.
Previous histologic studies have shown the loss of alveolar attachments in emphysematous lungs associated with cigarette smoking (23, 24) . Our results extend this finding by showing that the number of alveolar attachments to preterminal bronchioles is decreased both in CLE and PLE relative to control subjects, but the extent of the loss is not different between the two phenotypes ( Figure 4) . Furthermore, the results extend an earlier histology-based report (34) by showing that the reduction in ORIGINAL ARTICLE number of alveolar attachments correlated with a thicker airway wall in centrilobular but not in panlobular phenotype of emphysema. In contrast, they show that neither Lm nor the CV% of interalveolar wall distances correlated with WT in either phenotype of emphysema. Collectively, these data suggest that small airway disease in CLE is closely associated with peribronchiolar destruction of the parenchyma rather than generalized destruction that includes regions far from the bronchioles. Based on these and other findings (2, 4, 7), we speculated that the pathogenesis of CLE begins with inflammation, remodeling, and destruction of the small airways, with subsequent spread into the peribronchiolar alveolar wall tissue and destruction of the center of the lobule. In comparison with control lungs, the luminal shape of preterminal bronchioles was deformed in both phenotypes of COPD ( Figure 4A) . The association between a decreased number of alveolar attachments and reduction in the circularity of their lumens (Table 3) suggests that the loss of alveolar attachments causes reduced radial traction of the small airway and contributes to the distortion of the shape of the lumen (see Section E2-1).
Our data showed that preterminal bronchioles in CLE and control subjects have a catenoid shape where the lumen is narrowed in the middle of the segment and widened toward both ends. This catenoid shape disappeared in PLE (Figure 2 ; see Figure E2 ). We speculate that airway wall thickening in CLE could help to maintain the catenoid shape by mitigating the influence of reduced radial traction caused by loss of alveolar attachments.
There were distinct structural differences in the preterminal bronchioles of CLE and PLE; although the bronchioles in both phenotypes were shorter, were equally noncircular, and had a similar decrease in the number of alveolar attachments, they were narrower and thicker in CLE than in PLE. This comparison of centrilobular form of emphysematous destruction most closely associated with smoking to the evenness of the lobular destruction observed in patients with a genetic deficiency in alpha-1 antitrypsin is of interest. Several previous histology-based reports have shown that the inflammatory immune cell infiltration of the smaller conducting airways is more prominent in CLE than in PLE (4, 5, 35) . In contrast, a recent study by Baraldo and coworkers (36) reported the striking observation that there is no difference in either the inflammatory immune cell . Micro-computed tomography measurements obtained using the methods illustrated in Figures 1 and 2. (A) Mean luminal area, total airway area (i.e., lumen 1 wall) were reduced in centrilobular emphysema (CLE) compared with panlobular emphysema (PLE) and control subjects, but mean wall area did not differ among the three groups. (B) Mean wall thickness was increased in CLE compared with control subjects and PLE. (C) Wall volume and total airway volume were reduced in CLE and PLE compared with control subjects. (D and E) Coefficients of variation (CV%) of luminal area and wall thickness within and between bronchioles in which greater variation was found in CLE than control subjects and PLE. Boxplots indicate the median value (horizontal line) and the interquartile range (box). *Adjusted P value , 0.05.
infiltration or the formation of tertiary lymphoid organs in explanted lungs removed from patients treated by lung transplantation. It remains to be investigated how the inflammatory response drives similar and different structural consequences between the phenotypes. The analysis of the preterminal bronchioles reported here represents a first step toward the ultimate goal of understanding the nature of small airway disease from the approximately 2 mm in diameter airways visible on MDCT to the terminal and respiratory bronchioles only visible on microCT and histology. The size of tissue samples used in this study was not large enough to analyze airways more proximal to preterminal bronchioles. To identify these airways, tissue samples should include not only the target airways but also the terminal bronchiole subtended by those airways because this is the last conducting airway and allows airway generation to be attributed to all proximal airways. A method of scanning larger tissue samples needs to be established to conduct such studies.
The current study used a subset of samples that included at least one whole preterminal bronchiole. Such a subsampling could generate a regional bias between the groups. Figure E4A demonstrates that samples with preterminal bronchioles were evenly distributed from the apex to base in the lungs of control subjects and patients with CLE, whereas samples with preterminal bronchioles from patients with PLE were predominantly located in the upper regions of the lung. Because lower regions of lung with PLE were so severely destroyed, the chance to find complete preterminal bronchiole was reduced. To test for regional bias we performed a subanalysis of upper and lower regions of the lungs separately. Although the number of samples with PLE in the lower regions was too small (n = 3) to perform statistical comparisons, similar reductions of bronchiolar length and wall volume were found in PLE in the upper and lower regions (see Figure E4B ). These data suggest that the different distributions of cores with PLE have little impact on the current findings. The subjects' demographic data (Table 1) show that all patients with PLE associated with alpha-1 antitrypsin deficiency were former smokers, although their packyears of cigarette smoking were less than patients with CLE (see Section E2-2).
The inner and outer borders of the preterminal bronchioles were measured using the full width at half-maximum principle, which has been validated by histology in studies where airways approximately 2 mm in diameter and larger were examined (12, 37) . To compare airway WT measured by microCT with that measured by histology, we used the record of airway WT previously measured by histology in samples adjacent to those scanned with microCT (17) . These data show that in 19 pairs of samples, the WT measured by histology is comparable with the thickness measured by microCT (see Figure E5 ). In addition, the present results are consistent with several previous histologic analyses of small airways (2, 4, 34, 38) that showed greater WT in CLE than in control subjects and PLE. This concordance of results strongly supports the validity of the methodology.
The major advantage of X-ray over light microscopy is that X-ray-based CT (i.e., microCT) provides three-dimensional information about tissue structure that is difficult to obtain with light microscopy. However, this comes with the disadvantage that microCT produces less contrast than light microscopic histology at similar magnifications (26) . Although this introduces a potential source of error that could affect measurements lumen area and WT, these errors are probably small. MicroCT provides much greater accuracy in measuring a preterminal bronchiole than MDCT in measuring a 2 mm in diameter airway. The ratio of the 10-to 16-mm inplane spatial resolution of the microCT used in this study to the 500-mm lumen diameter of the target preterminal bronchiole is 0.02-0.03, whereas the ratio of the in-plane 600-to 800-mm spatial resolution of MDCT scan to the 2-mm airway (2,000 mm) target airway ranges from 0.3 to 0.4. This means that microCT provides an approximate 100-fold increase in accuracy over MDCT. That is reflected in the comparison between microCT and histology (see Figure E5) , where the WT measured by microCT (89.5 6 29.7 mm) was not different from WT measured by histology (90.2 6 38.8 mm). Another potential source of error is that samples were imaged at different resolutions (10, 11, and 16 mm per voxel) with different microCT scanners (see Section E2-3).
Although the number of cases examined in the present study was small and the pathology of COPD is heterogeneous (17, 39) , sampling several cores from different regions of each lung allowed us to evaluate the microstructure of regions at different levels of tissue destruction. Multiple sampling from each individual and the use of mixed-effects models that allowed the lungs to be included as a random effect enhanced the validity of the present results.
Based on these new data, we conclude that the preterminal bronchioles are extensively damaged in both centrilobular and panlobular phenotypes of emphysematous destruction and that the nature of these abnormalities is different in these two conditions. In future studies, we plan to extend this methodology to all of the lobular airways and begin to link them to molecular determinants associated with different pathologic phenotypes of COPD. n ORIGINAL ARTICLE
